A premixed methane-air flame was produced on a flat flame burner and exposed to electric fields between the burner and a flat grid electrode. Equivalence ratios of 0.8 and 1.0 were tested at electrode supply voltages up to 10 kV. A Langmuir probe was used to record ion current within the flame. The current increased at low potentials but decreased at higher potentials. Maximum ion current was greater for an equivalence ratio of 1.0. The change in ion concentrations was attributed to the ionic wind at low potentials and dissociative recombination at high potentials. 
I. Introduction and Background
YDROCARBON flame sensitivity to electric fields has been the subject of extensive study for several decades.
Research published by Wilson 1 demonstrated that hydrocarbon flames had electrical properties which could be manipulated though external fields. Later investigation led to formulation of the ionic wind hypothesis to explain the observed changes in the flame. In the early 1960s, Lawton and Weinberg 2 expounded this hypothesis and provided calculations of the maximum pressures exerted by the ionic wind upon the flame. Current research efforts into this phenomenon, known as plasma assisted combustion have demonstrated significant promise for the development of better combustors. The need to reduce emissions has resulted in a shift to leaner combustion. This makes the combustion process vulnerable to instabilities, something which the application of electric fields has shown promise in controlling. Ganguly 3 demonstrated that an electric field can sustain combustion in an ultra-lean Bunsen burner flame when it would otherwise quench. Similar results were observed by Kim et al. 4 who reported significant increases in the flame's blowoff velocity, and Volkov et al. 5 , who described the electric field's ability to counteract thermoacoustic instabilities. Other effects of interest include an observed reduction in soot and pollution 6, 7, 14 as well as changes to the flame speed and temperature profile of the flame 3, 8, 9 . Furthermore, changes to properties such as flame speed were observed with an input electrical power of a few watts 8, 11 . By contrast, achieving the same changes in flame speed through preheating the reactants alone would require 50 W of input power for a burner with . This was observed by Zhang et al. 7 , though they also proposed that all three mechanisms controlled specific voltage regimes.
To date, much of the research into plasma assisted combustion has focused on the macroscopic effects of the electric field on the flame and very little research has been done to describe the chemiionized plasma. Goodings et al. 16 provides a study of the ion currents in a doped hydrogen flame, but does not comment on the plasma structure or its behavior. A comprehensive study of the plasma is found in two papers by MacLatchy, one which provides information on the number density based on both thin and thick sheath assumptions 17 , and one which covers the use of a Langmuir probe to determine local flame temperatures using the Saha equation 18 . The present research is a study of changes to the chemiionized plasma structure and behavior in response to a DC electric field. Since very little prior research has been done to characterize the plasma behavior, this research will contribute to a more thorough understanding of how the chemiionized plasma affects hydrocarbon combustion. This paper is divided into five parts. Section II covers the experimental setup. Section III presents the results of the experiment, both numeric data and images taken of the flame. Section IV discusses the results and their implications, and Section V concludes the paper along with proposing directions for future research.
II. Experimental Setup
The experimental apparatus consists of a flat flame burner, a high voltage DC power supply, a source-meter, a DAQ system, a Langmuir probe, and a linear two axis stage used for automatically traversing the Langmuir probe through the flame. A high speed camera is also used in the experimental setup. The probe is biased to a negative voltage by the source meter before being maneuvered into the flame. Data collection is managed by an Agilent 34972 DAQ system. Ion current measurements are derived from measuring the voltage across a 10 MΩ resistor and applying Ohm's Law. The DAQ system is connected to a computer running Agilent's Benchlink software. A schematic of the experiment is shown in Fig. 1 .
The burner is made from a naval brass cylinder and is 7.62 cm long to allow for the reactants to become well premixed. Steel wool is placed at the bottom of the chamber to promote reactant mixing. The burner grid is constructed from a sheet of perforated brass with 0.50 mm diameter holes arranged in staggered formation. This burner grid design curves slightly during combustion and so is not perfectly flat, though the distortion is so minor compared to the flame thickness that the curvature can be neglected. To keep the burner at an acceptable temperature, a copper pipe is soldered to the burner near the grid and connected to a water pump. Pictures of the burner setup is shown in Fig. 2 .
The electric field needed for this experiment is produced by a positively-biased electrode positioned 7.62 cm above the burner grid and held in place with a single piece of fiberglass unistrut. The burner is defined as the ground, and is connected to the common line shared with the high voltage DC power supply (Matsusada Xg series). The electrode used for this purpose is a 7.78 X 7.78 cm grid electrode made from perforated steel sheet. It is connected to the high voltage DC power supply and run at potentials of up to 10 kV and current limited to 1 A during the experiment. A top view of the electrode is shown in Fig. 3 .
Methane is used as the fuel and compressed air as the oxidizer. Methane is used due to the extensive body of research on methane flames, the simplicity of the global methane combustion reaction, and because hydrogen flames do not produce a sufficiently large number of charge carriers without doping. Control of the equivalence ratio is achieved through the use of two MKS Mass-Flo mass flow controllers. Equivalence ratios of 0.8 and 1 are tested throughout this experiment. The total flow rate entering the mixing chamber is kept constant at 7.53 SLM during the experiment.
The Langmuir probe is a 0.13 mm diameter tungsten wire placed in an alumina tube. The active length of wire protruding from the sheath is 4.7 mm long. Additional copper wires are placed inside tube to friction hold the tungsten wire in place. The wire is then connected to a Keithley 2410 source meter, which is used to apply a bias voltage to the probe.
High speed imaging is provided by a Redlake MotionPro SI-4 at a sample rate of 100 Hz for the stoichiometric flame and 60 Hz for the lean flame. A lower sample rate is used for the lean flame to compensate for the reduced light levels High speed images are captured continuously for three seconds at each voltage level. The camera uses a 50 mm f/2.8 Nikkor Lens. 
III. Results
Image data is recorded first without the Langmuir probe in the setup. The camera is positioned in front of the burner such the burner appears flat. A calibration image is shot beforehand with a ruler in place to create a proper scale. Langmuir probe data is recorded after all image data is acquired. The Langmuir probe tip starts at the edge of the flame and is moved to various points within the flame up to the centerline. After each point, the probe is removed from the flame to allow it to cool before reinsertion to the next point. This is completed at progressively higher vertical positions until the probe is located at the top of the premixed flame. A test matrix, shown in Table 1 , summarizes the differences in each test.
A. High Speed Images
Under stoichiometric conditions, the flame is mostly flat, as shown in Fig. 4 . Figure 5 shows the lean flame, which is significantly dimmer than the stoichiometric flame. Further differences can be seen in the faint diffusion cone, indicating the flame is only partially premixed. The diffusion cone can only be seen unaided in the stoichiometric flame.
During stoichiometric combustion, the premixed flame front extends 5 mm above the flame front. The diffusion flame situated above exhibits a flickering oscillatory motion, which is can be seen in the 100 mS time lapse shown in Fig. 6 . Applying the electric field to flame visibly suppresses this behavior. At 10 kV, the flicker has disappeared entirely and the flame superficially resembles that of a Bunsen flame, adopting a steady and conical shape. The diffusion flame still moves from side to side, but does so without the flickering which characterizes the base flame. The flame also becomes slightly elongated and pinched around the edges. This is more pronounced in the diffusion cone, as the premixed flame does not seem to respond in the same way. The progression of the flame towards the conical, Bunsen type flame is described in Fig. 7 . During lean combustion, the diffusion cone is so faint it can only be observed in the high speed images, as seen in the time lapse images in Fig. 8 . The lean flame's diffusion cone still, however, responds to an electric field in much the same way the diffusion cone produced by the stoichiometric flame does: the diffusion cone starts off with a distinctive flickering motion and becomes more conical and elongated as the electric field intensifies, becoming almost like a large Bunsen flame. Unlike the stoichiometric flame, however, the flicker seems to disappear very quickly, which can be seen in the image progression shown in Fig. 9 . The cone shape appears immediately and becomes stable when the supply voltage is 4 kV. Stabilization of the diffusion cone occurs so quickly that the images are almost identical. Due to the reduction in fuel supply, the lean flame is quite a bit dimmer than the stoichiometric flame. Furthermore, the premixed zone is a bit smaller, having a height of 3 mm at maximum. 
B. Probe Calibration
Because the Langmuir probe must be placed in the flame, and because the probe is made from a thin wire, it heats up quickly such that it may emit electrons. The extra electrons produced this way affect the local balance of charge carriers which can introduce error into the data. Thus it is critical to determine an acceptable residence time for the Langmuir probe. 1000 samples of the floating voltage were taken with the probe positioned in the premixed flame. The resultant output, shown in Fig. 10 , indicate that the floating voltage measurements remain stable for six seconds before increasing due to probe heating. We therefore maintained a probe residence time of six seconds, collecting data in 50 mS intervals throughout the experiment.
C. Stoichiometric Flame Ion Saturation
If the Langmuir probe is biased when inserted into the flame, it will attract some opposite charges, thus the probe will read a net current. This current will increase as the bias voltage is increased up to the saturation point, wherein the probe is attracting all opposite charges and repelling all like charges. The saturation point is dependent on the degree of ionization, thus for weakly ionized plasmas, saturation will occur at a fairly low bias voltage. The Langmuir probe circuit is set up such that an ion current to the probe is read as negative, and electron current as positive. A sweep from -10 V to 10 V for the stoichiometric flame with no electric field is shown in Fig. 11 and reveals that ion saturation reliably occurs at -5 V. This remains true even when an electric field is applied.
On top of the burner grid, a distinct pattern emerges for the stoichiometric flame, as shown in Fig. 12 . At the radial flame edge, there is very little ion current. Past the flame edge, the ion current rapidly increases in magnitude until it plateaus and decreases, only to grow again as the probe approaches the center of the flame. This behavior can be explained by the slight convex curvature of the burner grid. Applying the electric field greatly increases the number density of ions everywhere until the supply voltage reaches 6 kV, after which the number density begins falling again. This is not what we see near the top edge of the premixed flame at y = 5 mm as shown in Fig. 13 , where the ion density peaks at 4 kV.
The set of gradient maps in Fig. 14 and Fig. 15 show the ion current profile around the premixed flame. The solid black line is the approximate location of the premixed flame front. The base flame with no electric field provides very little ion current, peaking at around -10 nA. The highest concentration of ions is located along the surface of the burner grid. This changes as the supply voltage is increased, with the ion current and peaking around -31 nA at 6 kV. At this point, the ion current decreases slightly. 
D. Lean Flame Ion Saturation
Ion currents in the lean flame appear with a pattern very similar to those found in the stoichiometric flame: The number of ions reaching the probe increases with supply voltage until it peaks then begins to decrease. As can be seen in Fig. 16 and Fig. 17 , ion currents start out low near the edge of the flame, then drop and level off quickly before dropping again near the center of the flame. Peak ion currents are, however much lower than they are for the stoichiometric flame and the supply voltage at which the ion current peaks is slightly lower. Peak ion currents in the stoichiometric flame are -35 nA at an electrode supply voltage of 6 kV. The lean flame however produces a maximum ion current of -10 nA near the burner grid and does so at a supply voltage of 4 kV. Surprisingly, the location of the greatest ion concentration occurs around 5 mm from the edge of the burner and not the center of the burner. By comparison, the greatest concentration of ions in the stoichiometric flame is located at 10 mm from the burner edge and along the burner centerline. The contrast between the stoichiometric and lean flames is even more striking when examining the top of the flame at y = 3 mm. In the lean flame the peak ion current is reached at a supply voltage of only 2 kV, compared to 4 kV for the stoichiometric flame.
Overall patterns of ion current distribution can be seen in the gradient maps shown in Fig. 18 and Fig. 19 . Compared with the stoichiometric flame, the plasma is slightly compressed. The majority of the plasma, which is located below the -0.5 nA contour line, forms a concentric structure. The structure is fully formed at an electrode supply voltage of 6 kV, similar to the stoichiometric flame. However, the -0.5 nA contour line stops at a height of 4 mm above the burner grid, whereas it stopped at 5 mm above the burner grid in the stoichiometric flame.
E. Number Density
Methane flames have over 300 elementary reactions, many of which produce ions. However, most of these are produced and consumed quickly compared to the residence time of the probe, and so cannot be observed with the Langmuir probe. A list of methane elementary reactions which produce ions in lean and stoichiometric flames with a sufficiently long residence time to be detected can be found in Prager et. al 19 , along with plots of the ion concentrations. The dominant ion according to these experimental results is H3O + , followed by CHO + and C2H3O + .
However, H3O
+ is almost a full order of magnitude more populous than either of the other two species, thus for simplicity H3O + can be treated as the representative ion for the purposes of determining ion properties. Using this assumption, it is possible to obtain ion concentrations from the ion current. MacLatchy 17 provides equations for the ion number density for a cylindrical Langmuir probe. Because the probe bias is small, we can assume that the sheath thickness surrounding the probe will be small compared to the probe diameter. Using this thin-sheath assumption, the equation for determining number density is given by Eq. (1). 
Because H3O + is being treated as a representative ion species, the ion mobility µi is assumed to be 8.4 X 10 -4 m 2 V⋅s . A sample of the resulting ion number densities showing both the largest and smallest values for both equivalence ratios is found in Table 2, Table 3, and Table 4 . In keeping with the patterns seen with the ion current, the stoichiometric flame has a higher number density than the lean flame. However, both flames experience a sudden drop in number density at a supply voltage of 6 kV. This is to be expected for the lean flame, but is not for the stoichiometric flame, which peaks in number density at this point. All of the values here correspond well to the number densities reported by MacLatchy and with previous literature on the subject. During testing, a large current was measured from the flame to the burner, which is connected to a common ground. When no flame was present, the current going to ground was on the order of -10 nA regardless of the electric field strength. Upon subjecting the flame to an electric field, the current rapidly increased until reaching saturation at Vss = 6 kV for the stoichiometric flame and Vss = 4 kV for the lean flame, echoing the pattern seen in the ion currents measured in the flame. Ion currents at saturation measured on the order of -3 µA and -1 µA for the stoichiometric and lean flames respectively. Although this is an order of magnitude larger than the current from the Langmuir probe, this results in a maximum current density of only -1.9 mA m 2 at ϕ = 1, which would equate to a maximum current of -3.6 nA if the same current density were detected in the Langmuir probe. By comparison, the greatest current density that the Langmuir probe detected in the flame was -16.8 mA m 2 , measured on top of the burner grid along the center of the burner axis. Figure 20 shows the ion current densities in the burner grid for both equivalence ratios, and compares them to the ion current densities measured by the Langmuir probe on top of the burner grid in the center of the premixed flame. The current density measured by the Langmuir probe in the stoichiometric flame is higher in magnitude than the ion current density collected by the burner grid and follows a linear pattern of gaining magnitude until the supply voltage reaches 4 -6 kV. The lean flame, on the other hand, produces only slightly greater current densities in the Langmuir probe. 
IV. Discussion F. Flame Flicker
The clearest indication of changes to the flame can be seen in the diffusion cone as it is subjected to increasingly greater voltages. The flickering seen in the flame when no electric field is present is a fluid dynamics phenomenon, and therefore cannot be resolved by the Langmuir probe. However, the decrease in the flickering does suggest that the electric field is strong enough to alter the underlying fluid dynamics of the flame, an effect which has been previously observed in hydrocarbon flames 4, 8, 11 . Flickering is a behavior associated with mixing and oxygen consumption, and because it is seen in the diffusion flame, occurs at the point where the balance between the fuel and the oxidizer is stoichiometric. The diffusion flame will then retreat and advance rapidly as oxygen surrounding the flame is consumed and replenished. Decreasing flicker can either be due to a change in the fluid dynamics of the flame such that a stable flame is more favorable or the frequency of the flicker is speeding up such that it becomes difficult to observe. A three second time-lapse of each flame at each electrode voltage was recorded, and none of these sequences shows the requisite gain in flicker frequency to become difficult to observe, and so can be ruled out. Therefore, a change to the mixing behavior of the flame is the most probable conclusion to reach.
G. Assessment of Possible Mechanisms Affecting Ion Behavior
The ion current, and by extension the number density of ions, is a key metric in the observation of the plasma because a relationship exists between it and the chemistry of the flame; a change in the ion current can mean alterations to the local ionizations per unit time, recombination rates, diffusion, ionic wind effects, or doping effects. Cross-field diffusion is miniscule since it is more strongly correlated with magnetic fields and these were not applied during testing. Fluid diffusion does not appear to be affected either, which can be deduced from observing the gradient maps for either flame. Ion currents go from very low to very high and remain so despite the presence of a very strong electric field, implying that diffusion effects are not significantly affected by the electric field. Finally, doping the flame with salts or hydrocarbons is applied in some experiments, but none were applied in this experiment. This leaves changes to ionization, changes to recombination, and ionic wind effects as possible candidates for explaining the changes in ion concentrations.
A detailed assessment to changes in ionization and recombination rates is beyond the scope of this paper. Data from the Langmuir probe does however validate the existence of ionic wind effects in the flame and shows it to be a fairly effective mechanism. This can be seen in the depletion of ions from the upper layers of the flame coupled with the sharp rise in ion density in the lower layers, along with the apparent compression and pinching of the flame plasma boundaries. This does not however account for why the plasma suddenly starts losing ions at high supply voltages.
It is likely that chemistry-driven effects can account for the downturn in ion density at high voltages. In their 2005 paper, Marcum et al. 8 attempt to explain changes to flame behavior in terms of dissociative recombination, which would consume ions and produce new neutrals. A similar explanation is offered by Zhang et al. 7 , who observed ionic wind effects as the dominant mechanism for changes to flame behavior in low-strength electric fields and chemistry-driven effects as the dominant mechanism in higher-strength fields. This offers a probable explanation for the ion current patterns in both flames. The ionic wind is always prevalent, and for low-strength electric fields, is the mechanism with the most influence on the chemiionized plasma. By comparison dissociative recombination is initially the weaker of the mechanisms, but inevitably it affects ion concentrations in the lower layers of the flame more so than the ionic wind. The transition between these two mechanisms, however, occurs at different values for the electric field strength. In Zhang et al., the transition occurs a field strength of 20 Given how strong of an electric field is required for the dissociative recombination to become stronger than the ionic wind, it can be surmised that a certain threshold of electric field must be passed before the dissociative recombination affects the ion current, analogous to the activation energies required in chemical reactions. Alternatively, dissociative recombination is always present in the flame, but it is too weak to counter the ionic wind until sufficiently energized by the electric field. Dissociative recombination is not an uncommon occurrence, even in flames and has already been observed in the literature under low-strength electric fields, so the latter explanation is far more likely.
The lean flame data indicates that the ion current peaks sooner than it does for the stoichiometric flame. The lean flame also has an ion current peak which is 4 times lower the stoichiometric flame. Since lean flames have less fuel available for combustion, fewer ions can be produced through chemiionization. This lowers the electric field strength required for dissociative recombination to become more powerful than the ionic wind, implying that lean flames are more susceptible to the effects of electric fields than rich flames. This may explain why the lean flame flicker stabilized faster than the stoichiometric flame.
H. Ion Current to the Burner Grid
The patterns associated with the ion current to the burner indicate some of the particles produced in the flame are lost to the burner grid, which is a common occurrence in any plasma encountering a wall. The increase in ion current is just yet another verification of the ionic wind's existence and power. The fact that the ion current to the burner grid saturates at the same electrode voltage as the peak of the probe current in the lower layers of the flame seems to lend further credence to the idea that a competing mechanism such as dissociative recombination becomes stronger than the ionic wind at some point, as it arrests the steady rise in ion current. The simplest explanation for why the ion current to the grid ceases to change in this manner is the additional particles delivered via the ionic wind are consumed by the dissociative recombination before reaching the burner grid. An in depth assessment of the interaction between the burner and the ion population in the flame is beyond the scope of this paper.
I. Location of the Flame Front
The gradient maps of both flames demonstrate that certain ion currents correspond roughly to the location of the flame front. This varies slightly depending on the voltage and equivalence ratio. For the stoichiometric flame, the flame front coincides with the contour at -1 nA for the base flame, -2 nA for 2 kV and 4 kV, and -0.5 nA for 6 kV and higher. A supply voltage of 6 kV results in the -0.5 nA contour line following the flame front for the lean flame as well, though not as closely. The contours tend to more cleanly follow the shape of the flame front at supply voltages at 6 kV and higher, which implies that the ionic wind has an influence on the shape of the flame and plasma.
Determining the exact contour corresponding to the flame front requires additional investigation, but this does show that the size and location of laminar premixed flames can be effectively monitored using Langmuir probes without the need for more complicated optical diagnostics. This setup is significantly simpler and cheaper to operate than most laser systems and is able to resolve fine details accurately so long as the probe is kept sufficiently cool, short, and biased at the correct voltage.
V. Conclusion
A steady DC electric field was applied to a flat, methane-air flame under stoichiometric and lean equivalence ratios. Ion densities were measured using a single wire Langmuir probe biased to -5 V. Probe data indicated that ion densities greatly increased with the electrode voltage in the lower layers of both flames at the expense of ion densities in the upper layers of the flame. This pattern continued until the electrode voltage reached 6 kV for the stoichiometric flame and 4 kV for the lean flame, at which point the densities began to drop everywhere in the flame. Both ionic wind effects and the chemistry-driven effect of dissociative recombination were observed to affect the ion densities in the flame. The ionic wind was the dominant mechanism affecting the ion densities until the ion currents peaked, at which point dissociative recombination was the stronger of the two. The transition occurred sooner for lean flames than it did for stoichiometric flames.
Future research on this topic will include laser combustion diagnostics, such as planar laser induced fluorescence and chemiluminescence imaging. Langmuir probes can measure the ion density in the flame, but it does not address whether ion production rates are affected by electric fields. Other options for future research include work with different electrode geometries and the application of different power regimes. Prior research on hydrocarbon flames have indicated that flames respond differently when exposed to pulsed DC or AC power, and different electrode geometries will have nonlinear field lines, both of which may affect the shape of the flame and the response of the ions.
